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Parkinson's disease (PD) is characterized by progressive degeneration and loss of dopaminergic neurons in the substantia nigra. Recent experimental studies have suggested that estrogen has certain protective effects against neuronal cell injuries, and may be used to prevent or treat neuronal degenerative diseases such as PD. [1] [2] [3] [4] PC12 cells, which are derived from rat pheochromocytoma, synthesize and store dopamine and norepinephrine. Because these cells share the main features with mid-brain dopamine neurons, 5, 6 they have been widely used in neurotoxicological studies such as PD. 2, 7-9 1-methyl-4-phenylpyridinium (MPP + ) is the active metabolite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), which is an inhibitor of complex I. 10 MPP + causes cell death by inducing mitochondria dysfunction and oxidative stress, depleting both ATP and GSH, and disrupting calcium homeostasis. 11 MPP + is also directly toxic to neurons, and is able to induce a Parkinsonian-like state in vitro. 12 Using MPP + induced cell injuries in PC12 cells as a PD model, the present study aimed to investigate whether estrogen is able to prevent MPP + -induced cell death or apoptosis, and enhance the dopaminergic activities. The signaling pathways of estrogen-mediated PC12 cell protection were also evaluated.
Materials and Methods

Cell culture
The PC12 cells, both naïve and differentiated, were cultured at 37 0 C in RPMI 1640 media supplemented with10% horse serum, 5% FCS, 2mM of L-glutamine, 100 IU/ml of penicillin, and 100 μg/ml of streptomycin in a humidified atmosphere of 5% carbon dioxide in the air. The dispersed cells were plated onto collagen-coated 96-well plates at a density of 3 10 4 cells/well, and were cultured under various combinations of times and drug regimens.
The cultured cells were divided into four groups: control (vehicle), MPP + (250μmol/L of MPP + ), Estrogen + MPP + (10 nM 17-beta-estradiol and 250μmol/L of MPP + ), and Estrogen only group (10 nM 17-betaestradiol). Using the method reported by Christis Chinopiulos and Vera Adam-Vizi, 13 the PC12 cells in the MPP + group were treated with 50, 250, and 500 μmol/ L of MPP + , inducing apoptosis similar to that seen in PD. In the Estrogen group, cells were cultured with 17-beta-estradiol at a concentration of 5 nM, 10 nM and 50 nM.
Thiazolyl blue tetrazolium bromide (MTT) assay of cell viability
After the PC12 cells were treated with MPP + for 24 h, MTT solution (5mg/ml, Sigma-Aldrich), was added to each culture well. After incubation at 37 0 C for 4 h, the formazan crystals were dissolved in 100μl DMSO, and the MTT reduction was measured at 570 nm using a DG-3022A ELISA plate reader. Control values from addition of vehicle only to cells were taken as 100%, and experimental values were taken as percentage decrease in MTT reduction. The cell viability and metabolite state were evaluated by A570.
Immunocytochemistry of tyrosine hydroxylase (TH)
This was performed to assess the levels of catecholamine biosynthesis in the PC12 cells. Sections were incubated with 0.3% Triton X-100 in PBS for 1 h at room temperature, and then incubated with goat anti-rat TH monoclonal antibody. Bax polyclonal antibody (1:250 dilutions in 0.01 mmol/L phosphate buffer saline, PH 7.4), was added overnight at 4 0 C. Slides were then incubated with biotinylated rabbit anti-goat IgG and SABC-reagent for 30 min at 37 0 C. Subsequently, the cells were processed with 50μl of DAB solution (Boshide, Wuhan, China). Cells were stained with hematoxylin and dehydrated with ethanol. Under a microscope, cells with dark brown color are considered as positive expression, while light purple as the negative.
Detection of apoptotic cells by flow cytometry
The apoptosis rate of endothelial progenitor cells was measured by DNA flow cytometry and DNA electrophoresis. Annexin V binding was assessed using bivariate flow cytometry, and cell staining was evaluated with fluorescein isothiocyanate (FITC)-labelled Annexin V (green fluorescence), simultaneously with dye exclusion of propidium iodide (PI) (negative for red fluorescence).
In each group, the total cells and the surviving cells were also counted in five fields and the average values were derived.
Identification of Bcl-x and IL-1 beta converting enzyme (ICE) mRNA by Real-time PCR
Total RNA was isolated from PC12 cells by Trizol (GIBCO). First-strand cDNA was reverse transcribed from 1μg RNA in a total volume of 25μl with RevertAid TM M-MuLV. PCR primers were designed as des c r i b e d b e l o w : t h e B c l -x : 5 ' -CGCCTCTCGGCGCTGCTGCATT-3' (sense primer); 5'-AGG CTGGCGATGATGTTGAA-3' (antisense primer); ICE: 5'-TGACGC CAAAGAGGAAGC-3' (sense primer); 5'-GTGATAAACATCTGG-3' (ant i s e n s e p r i m e r ) ; ß -A c t i n : 5 ' -TATGAGAAGATTTGGCACC-3' (sense primer) 5'-GTCCAGACGCAGGATGGCAT-3' (antisense primer). PCR procedures were carried out in a total volume of 25μl, 35 cycles of 5 min at 94 0 C (predenaturation), 30 s at 94 0 C (denaturation), 1 min at 50 0 C (annealing), and 1 min at 72 0 C (extension). About 5μl of the product was taken for DNA fragment separation by electrophoresis through agarose gel.
Statistics
Data were expressed as means ± SD. Statistical analysis of the data for multiple comparisons was performed by ANOVA. For single comparison, the student t test was used. Categorical data were analyzed with Chi-square test. P<0.05 was considered statistically significant.
Results
Cell viability
As shown in Table 1 , the cell viability in the MPP + group was lower than in the control (P<0.05), Estrogen+MPP + (P<0.01), and three Estrogen groups (P<0.01). The cell viability in the MPP + 500 group was significantly lower than in the 250 and 50 groups ( Table 1 , P<0.01). There was no significant difference in the cell viability between Estrogen +MPP + and the control group (P>0.05).
The cell viability in the 10 nM and 50 nM Estrogen groups were similar. Both were higher than in the 5 nM group (P<0.05, Table 1 ).
Apoptosis and the average absorbency of TH positive PC12 cells
The TH positive cells were stained in brown color. The unstained nuclei in the TH positive cells were large and rounded, with an empty appearance (Fig 1) . The cells treated with estrogen were larger than the cells in the control or MPP + group, and most estrogentreated cells had neurites (Fig 1) . Some very small and rounded cells were detected in the MPP + group (Fig  1) .
Optical density in the TH positive cells in the Estrogen group was higher than in the control (0.46±0.06 vs 0.22±0.07, P<0.05), the Estrogen+MPP + (0.24±0.04, P<0.05), and the MPP + only group (0.10±0.03, P<0.05). There was no significant difference in optical density in the TH positive cells between the control and Estrogen+MPP + group (P>0.05).
The apoptosis ratio in the Estrogen+MPP + group and the control group was similar (P>0.05, Table 2 ), which was lower than in the MPP + group (Table 2, 
P<0.05).
The lowest apoptosis ratio was found in the Estrogen only group ( 
Effects of estrogen on the expression of Bcl-x and ICE
The expression of Bcl-x and ICE in the control, MPP + , Estrogen+MPP + and Estrogen groups is shown in Fig 2. As shown in Table 3 , the Estrogen group had the highest average level of Bcl-x, whereas the MPP + group had the lowest (P<0.05). There was no difference in Bcl-x levels between the control and Estrogen+MPP + group (P>0.05).
The average ICE levels were the highest in the MPP + group, and the lowest in the Estrogen group (P<0.05, Table 3 ). There was no significant difference in ICE concentrations between the control and Estrogen+MPP + group (P>0.05, Table 3 ).
Discussion
The major findings of the present study are: 1) Estrogen improves the survival rates of PC12 cells during MPP + induced cell injury; 2) Estrogen treatment leads to elevated phos-density in the TH positive cells and outgrowth of neurites. It also brings the phos-density in the MPP + treated cells back to the control level; 3) Estrogen reduces the apoptosis ratio of PC12 cells by enhancing the expression of anti-apoptotic protein Bcl-x, and suppressing the expression of pro-apoptotic protein ICE. These results indicate that estrogen prevents cell injuries in this cultured cell model of PD, and enhances neuronal activities in the non-injured cells.
So far, there has been no convincing evidence to suggest that estrogen plays a critical role in the pathogenesis or treatment of PD. Some epidemiological studies reported an increased risk of PD in conditions causing an early reduction in endogenous estrogens, such as early menopause. 14 servation found that in early postmenopausal women with Parkinson disease, estrogen replacement therapy for 12 weeks significantly improves peak-dose dyskinesia without worsening motor disability, suggesting a possible benefit of estrogen in postmenopausal women with Parkinson disease. 15 However, the reports on the effect of postmenopausal estrogen replacement therapy are inconsistent among other reports. 14 In the present study, estrogen elevated the viability of PC12 cells, and increased survival cells from 65.1% in the control group to 87.7% in the Estrogen group. MPP + diminished the cell viability and reduced the cell survival rate by more than 50%. However, in cells cultured with both estrogen and MPP + the cell viability and survival rate was similar to the control group, which was almost 50% higher than in the MPP + group. These results strongly suggest that estrogen has a considerable impact on the growth and development of neuronal cells in this PD model.
TH is a rate-limiting enzyme in the biosynthesis of catecholamines, and the levels of TH represent the enzymatic activity that determines the amount of catecholamine synthesis. Several studies have demonstrated that estrogen enhances the TH positive neurons in the mid-brain of animals, and stimulates the biosynthesis of catecholamines in a variety of neuronal cells, such as cultured bovine adrenal medullary cells. [16] [17] [18] In the present study, estrogen increased the expression of TH in PC12 cells, and decreased the MPP + -induced reduction in TH activities in these cells. In addition, a greater neurite outgrowth was also present after the treatment of estrogen, indicating improvement in differentiation and growth of dopaminergic neurons.
Several studies have tried to elucidate the mechanisms by which estrogen prevents neuronal cell death. A study in mice showed that estrogen directly acts on the nerve growth factor and enhances the number of nigral dopaminergic neurons. 19 Estrogen is also found to bind to specific membrane receptors to regulate gene transcription, influencing the balance of the cell death suppression gene and cell-death-accelerating gene. [20] [21] [22] Bcl-x is a member of the Bcl-2 family with apoptosis suppression being its major function. ICE is a proteinase whose main action is to mediate cell death. In the present study, MPP + suppressed the expression of Bcl-x but increased the levels of ICE ( Table 2 ). The addition of estrogen to the MPP + group prevented the reduction in Bcl-x and diminished the levels in ICE, bringing Bcl-x and ICE to the control level. Furthermore, without the influence of MPP + , estrogen significantly improved Bcl-x expression and suppressed ICE production in the Estrogen group. These results indicate that both Bcl-x and ICE are involved in the cell protective effects of estrogen on the PC12 cells.
In summary, in the cultured PC12 cells, MPP + induces cell injury which can be largely prevented by pretreatment with estrogen. Estrogen improves cell viability and survival rate, and reduces apoptosis. The enhancement in Bcl-x expression and reduction in ICE production appears to be associated with the cell protective effects of estrogen. It remains unclear as to whether these protective effects of estrogen on the cultured PC12 cells, can be translated into the same therapeutic effects in patients with PD. Future clinical trials on the effect of estrogen in patients with PD may be warranted. 
